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To facilitate the release of infectious progeny virions, human immunodeficiency virus type 1 (HIV-1) exploits
the Endosomal Sorting Complex Required for Transport (ESCRT) pathway by engaging Tsg101 and ALIX
through late assembly (L) domains in the C-terminal p6 domain of Gag. However, the L domains in p6 are
known to be dispensable for efficient particle production by certain HIV-1 Gag constructs that have the
nucleocapsid (NC) domain replaced by a foreign dimerization domain to substitute for the assembly function
of NC. We now show that one such L domain-independent HIV-1 Gag construct (termed Z,,) that has
NC-p1-p6 replaced by a leucine zipper domain is resistant to dominant-negative inhibitors of the ESCRT
pathway that block HIV-1 particle production. However, Z,; became dependent on the presence of an L
domain when NC-p1-p6 was restored to its C terminus. Furthermore, when the NC domain was replaced by a
leucine zipper, the p1-p6 region, but not p6 alone, conferred sensitivity to inhibition of the ESCRT pathway.
In an authentic HIV-1 Gag context, the effect of an inhibitor of the ESCRT pathway on particle production
could be alleviated by deleting a portion of the NC domain together with p1. Together, these results indicate
that the ESCRT pathway dependence of HIV-1 budding is determined, at least in part, by the NC-p1 region

of Gag.

Human immunodeficiency virus type 1 (HIV-1) and other
retroviruses hijack the cellular Endosomal Sorting Complex
Required for Transport (ESCRT) pathway to promote the
detachment of virions from the cell surface and from each
other (3, 21, 42, 44, 47). The ESCRT pathway was initially
identified based on its requirement for the sorting of ubiqui-
tinated cargo into multivesicular bodies (MVB) (50, 51). Dur-
ing MVB biogenesis, the ESCRT pathway drives the mem-
brane deformation and fission events required for the inward
vesiculation of the limiting membrane of this organelle (26, 29,
50, 51). More recently, it emerged that the ESCRT pathway is
also essential for the normal abscission of daughter cells during
the final stage of cell division (10, 43). Most of the components
of the ESCRT pathway are involved in the formation of four
heteromeric protein complexes termed ESCRT-0, ESCRT-I,
ESCRT-II, and ESCRT-III. Additional components include
ALIX, which interacts both with ESCRT-I and ESCRT-III,
and the AAA ATPase Vps4, which mediates the disassembly of
ESCRT-III (29, 42).

The deformation and scission of endocytic membranes is
thought to be mediated by ESCRT-III, which, together with
Vps4, constitutes the most conserved element of the pathway
(23, 26, 42). Indeed, it was recently shown that purified yeast
ESCRT-III induces membrane deformation (52), and in an-
other study three subunits of yeast ESCRT-III were sufficient
to promote the formation of intralumenal vesicles in an in vitro
assay (61). In mammals, ESCRT-III is formed by the charged
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MYVB proteins (CHMPs), which are structurally related and
tightly regulated through autoinhibition (2, 33, 46, 53, 62). The
removal of an inhibitory C-terminal domain induces polymer-
ization and association with endosomal membranes and con-
verts CHMPs into potent inhibitors of retroviral budding (34,
46, 53, 60, 62). Alternatively, CHMPs can be converted into
strong inhibitors of the ESCRT pathway and of HIV-1 budding
through the addition of a bulky tag such as green fluorescent
protein (GFP) or red fluorescent protein (RFP) (27, 36, 39,
54). Retroviral budding in general is also strongly inhibited by
catalytically inactive Vps4 (22, 41, 55), or upon Vsp4B deple-
tion (31), confirming the crucial role of ESCRT-III.

Retroviruses engage the ESCRT pathway through the activ-
ity of so-called late assembly (L) domains in Gag. In the case
of HIV-1, the primary L domain maps to a conserved PTAP
motif in the C-terminal p6 domain of Gag (24, 28) and inter-
acts with the ESCRT-I component Tsgl01 (15, 22, 40, 58).
HIV-1 p6 also harbors an auxiliary L domain of the LYPx L
type, which interacts with the V domain of ALIX (20, 35, 39,
54,59, 63). Interestingly, Tsg101 binding site mutants of HIV-1
can be fully rescued through the overexpression of ALIX, and
this rescue depends on the ALIX binding site in p6 (20, 56). In
contrast, the overexpression of a specific splice variant of the
ubiquitin ligase Nedd4-2 has been shown to rescue the release
and infectivity of HIV-1 mutants lacking all known L domains
in p6 (12, 57). Nedd4 family ubiquitin ligases had previously
been implicated in the function of PPxY-type L domains,
which also depend on an intact ESCRT pathway for function
(4, 32, 38). However, HIV-1 Gag lacks PPxY motifs, and the
WW domains of Nedd4-2, which mediate its interaction with
PPxY motifs, are dispensable for the rescue of HIV-1 L do-
main mutants (57).

ALIX also interacts with the nucleocapsid (NC) region of
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HIV-1 Gag (18, 49), which is located upstream of p6 and the p1
spacer peptide. ALIX binds HIV-1 NC via its Brol domain,
and the capacity to interact with NC and to stimulate the
release of a minimal HIV-1 Gag construct is shared among
widely divergent Brol domain proteins (48). Based on these
findings and the observation that certain mutations in NC
cause a phenotype that resembles that of L domain mutants, it
has been proposed that NC cooperates with p6 to recruit the
machinery required for normal HIV-1 budding (18, 49).

NC also plays a role in Gag polyprotein multimerization,
and this function of NC depends on its RNA-binding activity
(5-8). It has been proposed that the role of the NC-nucleic
acid interaction during assembly is to promote the formation
of Gag dimers (37), and HIV-1 assembly in the absence of NC
can indeed be efficiently rescued by leucine zipper dimeriza-
tion domains (65). Surprisingly, in this setting the L domains in
p6 also became dispensable, since particle production re-
mained efficient even when the entire NC-pl-p6 region of
HIV-1 Gag was replaced by a leucine zipper (1, 65). These
findings raised the possibility that the reliance of wild-type
(WT) HIV-1 Gag on a functional ESCRT pathway is, at least
in part, specified by NC-pl-p6. However, it also remained
possible that the chimeric Gag constructs engaged the ESCRT
pathway in an alternative manner.

In the present report, we provide evidence supporting the
first of those two possibilities. Particle production became in-
dependent of ESCRT when the entire NC-p1-p6 region was
replaced by a leucine zipper, and reversion to ESCRT depen-
dence was shown to occur as a result of restoration of pl-p6
but not of p6 alone. Furthermore, although the deletion of pl
alone had little effect in an authentic HIV-1 Gag context, the
additional removal of a portion of NC improved particle pro-
duction in the presence of an inhibitor of the ESCRT pathway.
Together, these data imply that the NC-pl region plays an
important role in the ESCRT-dependence of HIV-1 particle
production.

MATERIALS AND METHODS

Proviral constructs. All HIV-1 Gag constructs used in this study were based on
HXBHI0, a vpu-positive version of the infectious HXB2 proviral clone of HIV-1.
The protease (PR)-negative variant HXBH10-PR ™ (which was used to express
Pr55%%8), HXBH10,prapp, and the HXBH10-based chimeric Gag constructs
Zwr and Zy; -p6 have been previously described (1). Zyw-NCp1 was obtained by
fusing the HXBH10 NCp1 coding sequence to the 3’ end of the GCN4 sequence
in the Zyr construct. The nucleotide sequence at the junction is 5" AAG CTT
GTG GGT GAG ctc ATG CAG AGA GGC AAT 3’ (with GCN4 sequences in
underlined uppercase type and HIV-1 sequences in uppercase type without
underlining). The NCpl coding sequence is immediately followed by a stop
codon, which in turn is followed by HIV-1 sequences, starting with nucleotide
5228 of HXBHI10. Zy,-NCplp6 and Zy-NCplpb,prapp Were then obtained
by replacing Sphl-Apal fragments in PR-negative variants of HXBH10 and
HXBHI10,pypapp With the corresponding fragment from Zy,-NCpl. Z;; -plp6
and its APTAPP and Y,4s versions were obtained by fusing HIV-1 sequences,
starting with nucleotide 2076 of a PR-negative variant of HXBHIO0,
HXBH10,ppapp, 0r HXBH10-Y34s (49), to the 3’ end of the variant GCN4
sequence in the Z;; -p6 construct via an engineered BsrBI cloning site. The

GCT AAT TTT TTA 3’ (with GCN4 sequences in underlined uppercase type
and HIV-1 sequences in uppercase type without underlining). In addition to p1
and p6, Z;; -p1p6 encodes the last 4 amino acids of NC. Zy; -p6yprapp iS a version
of Zy -p6 with an in-frame deletion of codons 7 through 11 of p6. The Apl
version of HXBH10 lacks precisely the p1 coding sequence (NC-p1 codons 56 to
71). Versions of HXBH10-Y 35 lacking NC-p1 codons 56 to 71 (here called Ap1),
52 to 71, 36 to 71, or 15 to 71 have been described previously (49).
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Analysis of viral particle production. 293T cells (1.2 X 10°) were seeded into
T25 flasks and transfected 24 h later using a calcium phosphate precipitation
technique. The cultures were transfected with 1.5 pg of proviral DNA together
with expression vectors for CHMP3-RFP (54) or Vps4AE228Q (54) or the
appropriate empty vectors (0.5 ug each). The total amount of transfected DNA
was brought to 8 pg with carrier DNA (pBluescript). At 24 h posttransfection,
the cells were lysed in radioimmunoprecipitation assay buffer (140 mM NaCl, 8
mM Na,HPO,, 2 mM NaH,PO,, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.05% sodium dodecyl sulfate [SDS]), and the culture supernatants were clarified
by low-speed centrifugation and passaged through 0.45-pm-pore-size filters.
Virions or virus-like particles (VLP) released into the medium were then pel-
leted through 20% sucrose cushions by ultracentrifugation for 2 h at 27,000 rpm
and 4°C in a Beckman SW41 rotor. Pelletable material and the cell lysates were
analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and Western
blotting, as described elsewhere (1), using rabbit anti-HIV CA serum (Advanced
Biotechnologies) or 183-H12-5C anti-HIV CA antibody (11). Western blots were
quantitated with ImageJ software.

Electron microscopy. Transfected 293T cells were fixed in 2.5% glutaralde-
hyde, postfixed with 1% osmium tetroxide, dehydrated through a graded series of
ethanol treatments, and embedded in resin. Ultrathin sections were stained with
lead citrate and uranyl acetate and examined using a Philips CM 10 transmission
electron microscope.

RESULTS

Replacing the NC-pl-p6 region of HIV-1 Gag overcomes
inhibition by dominant-negative ESCRT proteins. Although
the NC domain of HIV-1 Gag is crucial for viral particle
assembly, particle production could be rescued by replacing
NC with a heterologous dimerization domain (1, 65). One such
chimeric HIV-1 Gag construct, termed Z,,, efficiently pro-
duced VLP even though it has the entire NC-pl-p6 region
replaced by the leucine zipper domain of yeast GCN4 and thus
lacks evident binding sites for Tsgl01 or ALIX (1). This ob-
servation raised the possibility that Zy,- Gag does not depend
on an L domain for its efficient release. Alternatively, it
seemed possible that Z,,; engages the ESCRT pathway
through a cryptic L domain that is masked in the presence of
NC-pl-6. For instance, Zy, may make more efficient use of
Nedd4-2s, a member of the Nedd4 family of E3 ubiquitin
ligases that is uniquely capable of rescuing HIV-1 release in
the absence of all known L domains (12, 57).

To determine whether the release of Zy, Gag requires an
intact ESCRT pathway, we made use of the fact that this
pathway is effectively blocked by activated ESCRT-III compo-
nents (53, 62). The CHMPs, which together form ESCRT-III,
contain an autoinhibitory C-terminal domain. When this do-
main is removed or disrupted through the addition of a bulky
tag such as GFP or red fluorescent protein (RFP), ESCRT-III
components such as CHMP3 become inhibitors of the ESCRT
pathway and of HIV-1 budding (39, 53, 54, 59, 62). We chose
to use CHMP3-RFP because we had previously observed that
this fusion protein potently blocks HIV-1 budding (54).

When an expression vector for CHMP3-RFP was cotrans-
fected into 293T cells together with WT HIV-1 proviral DNA,
viral particle production was, as expected, almost completely
abolished (Fig. 1, lanes 1 and 2). Because the Zy, construct
lacks the coding sequence for PR and thus produces only
unprocessed Gag, we also examined whether the effect of
CHMP3-RFP on the release of WT HIV-1 Gag depended on
the presence of an active PR. We found that the release of viral
particles by full-length HIV-1 was blocked by CHMP3-RFP
even when the proteolyic processing of Gag was prevented by
a point mutation that inactivated PR (Fig. 1, lanes 3 and 4).
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FIG. 1. Replacement of NC-pl-p6 by the GCN4 leucine zipper
confers resistance to dominant-negative CHMP3. 293T cells were
transfected with 1.5 pg of WT HIV-1 proviral DNA, of a PR-defective
HIV-1 provirus, or of the Zy,- proviral construct, along with 0.5 pg of
a vector expressing RFP alone or CHMP3-RFP. VLP pellets and the
cell lysates were analyzed by Western blotting with anti-CA serum. The
GCN4 zipper (Z) domain is indicated by a gray box.

In the experiment represented by Fig. 1, the Z, construct
released about 60% of the amount of particulate Gag obtained
with HXBH10-PR ™. Importantly, CHMP3-RFP only slightly
reduced particle production by the Zy, construct (Fig. 1, lanes
5 and 6). Quantification indicated that CHMP3-RFP reduced
the production of Z, particles by about 10%, taking the
cellular levels of Zy- Gag into account. Similarly, the produc-
tion of Zy, particles was little affected by catalytically inactive
Vps4Aganso (data not shown), a dominant-negative mutant
that blocks the release of viruses that use PTAP, LYPx L, or
PPxY-type L domains (22, 41). Taken together, these results
indicated that the release of HIV-1 Gag no longer depended
on functional ESCRT machinery when the NC-p1-p6 region
was replaced by a heterologous dimerization domain.

Role of NC-pl1 in the requirement for L domains. The results
described above suggested that the NC-pl-p6 region, apart
from mediating the interaction between HIV-1 Gag and
ESCRT pathway components, also confers a need to engage
the ESCRT machinery for efficient virus release. However, it
also remained possible that the presence of the GCN4 leucine
zipper domain downstream of CA-p2, rather than the absence
of the NC-p1-p6 region, was responsible for the insensitivity of
Zw Gag to inhibitors of the ESCRT machinery. In an effort to
distinguish between these possibilities, we asked whether an L
domain is required for efficient particle release when NC-p1-p6
is added back to Zy, Gag. To this end, we made a version of
Zr that has the NC-p1-p6 region appended to the C terminus
of the GCN4 zipper sequence (Fig. 2A). Although the resulting
Zw1-NCplpb construct contained an intact pol gene, proteo-
lytic processing of Gag was prevented by a mutation in PR. As
shown in Fig. 2A, particle production by the Z,-NCplp6
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FIG. 2. The chimeric Zy, Gag construct exhibits L domain depen-
dence when NC-pl is fused to its C terminus. (A) 293T cells were
transfected with a PR-defective HIV-1 provirus expressing WT Pr558
or with the indicated Gag constructs. VLP pellets and the cell lysates
were analyzed by Western blotting with anti-CA serum. (B) Thin
sections of 293T cells transiently expressing the Zy,-NCplp6 or Zy-
NCpl proviral construct were examined by transmission electron mi-
croscopy. Scale bars, 100 nm.

proviral construct was comparable to that observed with au-
thentic HIV-1 encoding an inactive PR (lanes 1 and 2). In
contrast, particle production was inefficient when the Tsg101
binding site in the p6 region of Z~-NCplp6 was deleted
(APTAPP); instead, the chimeric Gag molecule accumulated
in the transfected cells (Fig. 2A, lane 3). This phenotype was
similar to that observed for a version of Z, that had NC-p1
rather than NC-p1-p6 fused to its C terminus (Fig. 2A, lane 4).
Thin-section electron microscopy confirmed that 293T cells
transfected with the Z,,~NCp1p6 construct released particles,
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FIG. 3. The addition of p1-p6 but not of p6 alone to a chimeric Gag
construct confers ESCRT pathway dependence. 293T cells were trans-
fected with 1.5 g of the indicated Gag constructs together with 0.5 g
of a vector expressing RFP alone or CHMP3-RFP. VLP pellets and
the cell lysates were analyzed by Western blotting with anti-CA serum.

although these often appeared to be incomplete and smaller
than particles formed by authentic HIV-1 Gag (Fig. 2B). On
the other hand, an examination of 293T cells transfected with
the Z-NCpl construct by electron microscopy revealed an
accumulation of budding structures on the cell surface (Fig.
2B). Since the parental Z, construct efficiently releases
spherical particles (1, 14), these results suggested that NC-pl
caused a budding arrest in the Zy, context and that this arrest
could be mitigated through the engagement of the ESCRT
machinery via p6.

The p1 spacer peptide can block particle production when
the ESCRT machinery is inhibited. We previously reported
that fusing p6 to the C terminus of Zy Gag had little effect on
particle production, consistent with the notion that Zy, Gag
does not require an L domain (1). However, particle produc-
tion by a variant of Z,, with a mutant zipper thought to
induce trimerization (termed Z;;) appeared to benefit from
the presence of a p6 domain (1). We therefore asked whether
the Z,; -p6 Gag construct, illustrated in Fig. 3, is sensitive to
inhibition by a dominant-negative ESCRT-III component. As
shown in Fig. 3 (lanes 1 and 2), CHMP3-RFP had little if any
effect on the release of Z;; -p6 Gag under conditions in which
the release of WT HIV-1 Gag was nearly completely prevented
(see Fig. 1). Indeed, quantification indicated that, when nor-
malized for a modest inhibitory effect of CHMP3-RFP on the
expression levels of Z;; -p6 Gag, the efficiency of particle pro-
duction was identical in the presence and absence of CHMP3-
RFP. Since the Z;; -p6 Gag construct produces particles with
close to WT efficiency (1), its insensitivity to CHMP3-RFP
strongly argues against the possibility that ESCRT indepen-
dence is a byproduct of inefficient release.
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FIG. 4. The addition of p1-p6 but not of p6 alone to a chimeric Gag
construct confers L domain dependence. (A) Effect of deleting the
Tsgl01 or the ALIX binding site from a chimeric Gag construct con-
taining p1. 293T cells were transfected with 1.5 pg of WT Z;; -p1p6 or
the indicated mutants, along with 0.5 pg of a vector expressing RFP
alone or CHMP3-RFP. VLP pellets and the cell lysates were analyzed
by Western blotting with anti-CA serum. (B) Effect of deleting the
Tsgl01 binding site from a chimeric Gag construct lacking pl. 293T
cells were transfected with 1.5 ug of WT Z;; -p6 or a APTAPP version.

To determine whether p1 plays a role in conferring sensitiv-
ity to CHMP3-RFP, we also examined its effect on Z;; -p1p6,
which differs from Z;; -p6 only by the inclusion of the p1 spacer
peptide between the leucine zipper sequence and p6 (Fig. 3).
Of note, the presence of pl was predicted to restore frame-
shifting into the pol frame and thus proteolytic processing of
the chimeric Gag precursor. Remarkably, CHMP3-RFP com-
pletely abolished particle production by Z;; -p1p6 (Fig. 3, lanes
3 and 4). Since Z;; -p6 lacks the frameshift signal within the p1
coding sequence and thus produces only unprocessed Gag,
whereas Z;; -p1p6 Gag was partially processed as expected, we
also examined the effect of CHMP3-RFP on a PR-negative
version of Z;; -plp6. When proteolytic processing was pre-
vented, CHMP3-RFP inhibited the release of Z;; -plp6 Gag
about 5-fold in the experiment represented by Fig. 4A (lanes 1
and 2) and more than 10-fold in a repeat experiment (data not
shown). We infer that the presence of p6 did not by itself
confer a requirement for an intact ESCRT pathway for effi-
cient particle release. However, the ESCRT machinery be-
came crucial when pl was also present.
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The p1 spacer peptide can confer a requirement for Tsgl101
binding. The sensitivity of Z;, -p1p6 to CHMP3-RFP indicated
that efficient particle production by this construct required the
presence of an L domain. On the other hand, the lack of an
effect of CHMP3-RFP on the release of Z;; -p6 Gag suggested
that particle production by Z; -p6 did not depend on the
Tsgl01 binding site in p6. To test these predictions, we deleted
the Tsgl01 binding site from the p6 domains of PR-negative
Zy -plp6 and of Z;, -p6.

As shown in Fig. 4A, Z;; -p1p6prapp released about 15-fold
less particulate Gag than the parental Z; -plp6 construct
(compare lanes 1 and 3). Moreover, the small amount of Gag
that was released by Z;; -p1p6prapp Was only marginally fur-
ther reduced by CHMP3-RFP (Fig. 4A; compare lanes 3 and
4), indicating that the Tsgl01 binding site played a predomi-
nant role in engaging the ESCRT machinery, as is the case for
WT HIV-1 Gag (20). Consistent with this notion, the Ys4s
mutation, which removes the entire ALIX binding site from p6,
only moderately reduced particle production by Z,, -p1p6 (Fig.
4A, lane 5). Furthermore, the ALIX binding site mutant re-
mained highly sensitive to inhibition by CHMP3-RFP (Fig. 4A;
compare lanes 5 and 6). As expected, the Tsgl01 binding site
in p6 was largely dispensable for particle production by Z;; -p6,
because the parental Z; -p6 Gag construct and the Tsgl01
binding site mutant Z; -pbyprapp produced comparable
amounts of particles (Fig. 4B). Thus, at least in this chimeric
Gag context, the presence or absence of pl determined
whether a Tsgl101 binding site was required for efficient parti-
cle release.

Removal of NC-p1 coding sequences from authentic HIV-1
alleviates sensitivity to dominant-negative CHMP3. The re-
sults described above were obtained with chimeric Gag con-
structs that contained a heterologous dimerization domain. To
determine whether the NC-p1 region affects the sensitivity of
HIV-1 Gag to CHMP3-RFP in the absence of foreign se-
quences, we made use of a panel of previously described pro-
viral NC-pl deletion mutants (49). Because these mutants
were originally used to map the ALIX binding site in NC-pl1,
they also harbored the Y;4s mutation near the C terminus of
p6 to remove the LYPx L-type binding site for ALIX (49).
Since the NC-p1 deletions removed the frameshift signal re-
quired for the expression of PR, a PR-negative version of
HXBH10 was used for comparison.

As shown in Fig. 5A, the Ap1/Y;¢s and A52-71/Y 545 mu-
tants produced amounts of particles similar to those pro-
duced by the parental HIV-1 provirus (HXBH10-PR™).
CHMP3-RFP reduced particle production by HXBH10-
PR™ about 20-fold in this experiment and had comparable
effects on particle production by the Ap1/Y;4s and A52-71/
Y,¢s mutants (lanes 1 to 6). Thus, in the presence of all or
of most of NC, deleting p1 did not reduce the requirement
for a functional ESCRT pathway. We also note that the
ALIX binding site in p6 was dispensable for the inhibitory
effect of CHMP3-RFP.

Quantitation of the amount of VLP-associated Gag relative
to the amount of cell-associated Gag indicated that the A36—
71/Y5¢s mutant released Gag with an efficiency that was ap-
proximately 80% of the WT level. Interestingly, CHMP3-RFP
reduced the production of A36-71/Y;s mutant particles only
about 1.5-fold (Fig. 5A, lanes 7 and 8). As a consequence, the
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FIG. 5. The removal of NC-pl sequences from authentic HIV-1
Gag alleviates the effect of dominant-negative CHMP3 on particle
production. (A) 293T cells were transfected with 1.5 pg of a PR-
defective HIV-1 provirus expressing WT Pr55%%¢ or with the indicated
NC-pl deletion mutants, along with a vector expressing RFP alone or
CHMP3-RFP. VLP pellets and the cell lysates were analyzed by West-
ern blotting with anti-CA serum. (B) Effect of CHMP3-RFP on the
indicated NC zinc finger mutants. Cross-hatched boxes indicate the
positions of the zinc fingers in NC, and arrowheads indicate the posi-
tions of residues that were substituted. Western blotting was per-
formed with 183-H12-5C anti-HIV CA antibody.

A36-71/Y 548 mutant, which lacks the second zinc finger of NC
together with pl, produced more particles in the presence of
CHMP3-RFP than the parental provirus or the Ap1/Y;¢s and
A52-71/Y 5,8 mutants. The inhibitory effect of CHMP3-RFP on
particle production was also severely diminished by the more
extensive A15-71 deletion, which removed both zinc fingers of
NC together with pl (Fig. 5A, lanes 9 and 10). However, the
A15-71 deletion also caused a significant assembly defect.
Because of the role of NC in viral RNA incorporation, we
also determined the effects of CHMP3-RFP on variants of
HXBH10-PR™ with point mutations in NC that are known to
impair genomic RNA encapsidation. The CCyg 44SS mutation
disrupts zinc-coordinating residues in both zinc fingers of NC
and reduces the packaging of genomic viral RNA into HIV-1
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virions more than 20-fold (17). The FW,, ;;AA mutation tar-
gets aromatic residues at position n + 1 of each zinc finger that
are each absolutely essential for virus replication, and the F, A
mutation alone reduces genomic HIV-1 RNA encapsidation to
15% of wild-type levels (17). Although the CCyg 4SS mutation
and, to a lesser extent, the FW 4 ;;AA mutation caused an
accumulation of Gag in the cell lysates, both mutations had
only small effects on viral particle production in the HXBH10-
PR™ context (Fig. 5B). Particle production by the CCyg 4SS
and FW , ;;AA mutants was only moderately less sensitive to
CHMP3-RFP than particle production by the parental provi-
rus (Fig. 5B). Nevertheless, results similar to those represented
in Fig. 5B were obtained in three independent experiments,
indicating that the mutated NC residues contribute to the
sensitivity of HIV-1 Gag to inhibition of the ESCRT pathway.
Taken together, these results support the notion that the re-
quirement for intact ESCRT machinery during HIV-1 budding
is at least in part imposed by NC-pl.

DISCUSSION

Depending on the producer cell type examined, HIV-1 p6
mutants with defective PTAP L domains exhibit severe defects
in either virion-cell or virion-virion detachment (16). In adher-
ent cell lines and in primary human macrophages, the defect at
the level of virion-cell detachment predominates, resulting in
inefficient virus release (16, 22, 24). It was therefore surprising
that certain chimeric HIV-1 Gag constructs did not require p6
for the efficient production of VLP in adherent cells (1, 65). In
these Gag constructs, HIV-1 NC was replaced by foreign pro-
tein-protein interaction domains to substitute for its assembly
function. Remarkably, this led to near wild-type levels of par-
ticle production even in cases where the entire NC-p1-p6 re-
gion was replaced and all consensus L domain motifs in HIV-1
Gag were therefore eliminated (1, 64).

One possible explanation for these observations was that the
NC-pl-p6 region of HIV-1 Gag has an inhibitory effect on
virus release that is counteracted by the L domain function of
p6, and the results of the present study support this model.
First, we found that replacing NC-p1-p6 with a heterologous
dimerization domain in a Gag construct termed Z,, caused
resistance to dominant-negative CHMP3 or Vps4 under con-
ditions where particle production by WT HIV-1 Gag was
nearly abolished. We note that in a previous study, dominant-
negative Vps4 had no effect on p6-deficient HIV-1 lacking
active PR (19). However, in our hands p6-deficient HIV-1
exhibited significant defects in particle formation even after
PR was inactivated, whereas the Z,, Gag construct produced
nearly wild-type levels of particles in our study (1). Since dom-
inant-negative versions of the CHMPs or of Vps4 block the
function of all known L domains, our observations argue
against the use of an alternative L domain by Z,; Gag that
would explain its efficient release despite the absence of p6.

In principle, the apparent L domain independence of the
chimeric Zy, Gag construct could have been caused by the
presence of a foreign leucine zipper domain rather than by
the absence of C-terminal HIV-1 Gag sequences. However, L
domain dependence was restored in a Gag construct that har-
bored both the leucine zipper domain and NC-pl-p6, since
efficient particle production by this construct depended on the
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Tsgl01 binding site in p6. Moreover, particle production was
substantially inhibited when NC-p1 rather than NC-p1-p6 was
added back to Zy, . Together, these results suggested that the
presence or absence of NC-pl determined whether an L do-
main was needed to promote particle release.

Our data suggest that the p6 domain itself does not confer a
requirement for an L domain, since the Tsgl01 binding site
within p6 was not required for efficient particle production by
HIV-1 Gag when NC-pl was replaced by a leucine zipper.
Furthermore, particle production by this p6-containing con-
struct was largely resistant to CHMP3-RFP, indicating that
ESCRT-mediated membrane scission was not required. Addi-
tionally, the finding that p6 by itself did not confer sensitivity to
CHMP3-RFP suggested that dominant-negative ESCRT path-
way components do not simply arrest budding by tethering Gag
to aberrant ESCRT complexes via the Tsg101 and ALIX bind-
ing sites in p6.

Remarkably, replacing only the NC domain by a leucine
zipper had effects very different from replacing NC-pl. In the
former case, the Tsgl01 binding site in p6 became crucial for
efficient particle production, and CHMP3-RFP had a profound
inhibitory effect on particle release. Thus, the presence of
pl-p6 but not of p6 alone at the C terminus of the leucine
zipper sequence conferred both L domain dependence and
ESCRT pathway dependence that resembled that exhibited by
authentic HIV-1 Gag. Although the mechanism by which pl
contributed to this phenotype remains unknown, it does not
appear to involve the role of the pl coding sequence in ribo-
somal frameshifting, because the slippery sequence at which
frameshifting occurs (30) was not required to confer sensitivity
to CHMP3-RFP (data not shown). We cannot exclude the
possibility that the presence of p1 positioned the p6 domain in
a manner that allowed the entrapment of Gag by aberrant
ESCRT polymers induced by CHMP3-RFP. However, we con-
sider it more likely that p1 conferred a bona fide requirement
for a functional ESCRT pathway in the chimeric Gag context,
since in the presence of pl the TsglO1l binding site in p6
became critical for particle production.

A recent three-dimensional analysis of immature HIV-1 par-
ticles and of HIV-1 budding sites indicated that ESCRT-III
assists Gag in the membrane bending required to complete the
budding process (9). Consistent with this model, upon overex-
pression certain ESCRT-III components have been shown to
assemble into circular arrays that bend the plasma membrane
into buds that emerge from the cell surface (25). It is possible
that certain Gag-leucine zipper chimeras do not need the as-
sistance of ESCRT-III because the zipper domain improves
the ability of Gag to bend membranes on its own. According to
this scenario, the fusion of NC-pl or of pl-p6 to the zipper
domain might simply compromise this ability and thus restore
ESCRT dependence. However, we also observed that the sen-
sitivity of authentic HIV-1 Gag to inhibition of the ESCRT
pathway could be reduced by certain deletions in the NC-pl
region. In the absence of ESCRT pathway inhibition, these
deletions reduced the efficiency of Gag release, which argues
against the possibility that ESCRT pathway independence was
merely a consequence of an improved ability to assemble into
a lattice capable of bending membranes.

Particle production by authentic HIV-1 Gag became only
moderately less sensitive to inhibition of the ESCRT pathway
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when specific NC residues crucial for the encapsidation of the
viral genomic RNA were mutated. However, it was previously
demonstrated that cellular mRNA can substitute for viral
genomic RNA during retroviral assembly (45). In addition to
its ability to specifically recognize genomic viral RNA, NC
exhibits a nonspecific RNA binding activity that is critical for
its function in particle assembly (5, 13). This nonspecific RNA
binding activity depends on clusters of basic residues but not
on the integrity of the zinc fingers in NC. Notably, it has been
shown that the CCyg 44SS and FW ¢ 5,AA mutations have only
a minor effect on the ability of NC to bind RNA in vitro,
despite their drastic effects on the packaging of viral genomic
RNA (13). It is thus likely that the CCyg 4oSS and FW ¢ 5;AA
mutant particles packaged cellular RNA rather than viral
RNA. Therefore, our results do not exclude the possibility that
the role of NC in the ESCRT pathway dependence of budding
is related to its function in RNA encapsidation. We note that
particles produced by the Z,, Gag construct, which are re-
leased in a fully ESCRT-independent manner (this study),
contain no detectable cellular RNA and are therefore thought
to assemble without incorporating any form of nucleic acid
(14).

In the authentic Gag context, deleting pl alone had little
effect on the inhibition of particle production by dominant-
negative CHMP3. Rather, it was necessary to additionally de-
lete a portion of NC to mitigate the effect of CHMP3-RFP. On
the other hand, p1 conferred sensitivity to dominant-negative
CHMP3 in a chimeric Gag context lacking NC. Together, these
observations suggest that NC and pl can independently con-
tribute to a requirement for ESCRT pathway engagement for
optimal particle production. An understanding of how NC and
pl confer such a requirement may provide further insights into
why retroviruses use L domains, given that efficient particle
release can in principle be achieved in an ESCRT pathway-
independent manner.
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